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Abstract Originating from ectodermal epithelium, radial
glial cells (RGCs) retain apico-basolateral polarity and
comprise a pseudostratified epithelial layer in the develop-
ing cerebral cortex. The apical endfeet of the RGCs faces
the fluid-filled ventricles, while the basal processes extend
across the entire cortical span towards the pial surface. RGC
functions are largely dependent on this polarized structure
and the molecular components that define it. In this review,
we will dissect existing molecular evidence on RGC polar-
ity establishment and during cerebral cortex development
and provide our perspective on the remaining key questions.

Keywords Radial glia - Embryonic neural stem cell -
Cerebral cortex development - Neurogenesis - Epithelial
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Introduction

Cerebral cortex development begins upon closure of the neu-
ral tube. Initially, the neuroepithelial cells (NECs) lining the
interior surface of the neural tube undergo symmetric cell
division to expand their population. Subsequently, NECs
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transition into radial glial cells (RGCs) marks the onset of
neurogenesis [1, 2]. RGCs serve as neural stem cells and
undergo asymmetric cell division to produce neuronally
committed postmitotic cells or intermediate progenitor
cells. As neurogenesis approaches completion, RGCs begin
to produce oligodendroglial lineage progenitors, which fur-
ther give rise to oligodendrocytes. Around the time of birth,
RGC:s shift to producing ependymal cells and also transform
themselves into astrocytes and adult neural stem cells [1]. In
addition to their role as neural stem cells supplying special-
ized cells in the three neural lineages, RGCs also possess a
scaffolding function for neuronal migration. In this role, the
basal processes of RGCs serve as substrates for the postmi-
totic migrating neurons. The migratory distance of the neu-
rons depends on their birth order, with early-born neurons
migrating at a shorter distance and late-born neurons at a
longer distance, forming an inside—out laminar structure in
a mature brain. Overall, RGCs perform two fundamental
functions during cortical development—cell division and
scaffolding (Fig. 1).

RGCs can be viewed as specialized epithelium with
apico-basolateral polarity. Epithelium is the first tissue type
to emerge during the development of a multicellular organ-
ism. In a recent review by Rodriguez-Boulan and Macara,
the term “epithelial polarity program” was used to describe
a network of protein and lipid regulators that are involved
in the organization and execution of an apico-basolateral
axis [3]. Traditionally, epithelium is categorized into sim-
ple, stratified, and pseudostratified types depending on the
number of layers in the epithelial cells. Additionally, epi-
thelial cells are further classified into squamous, cuboidal,
and columnar types based on the height of their basolateral
domains. External to the basal plasma membrane lies the
laminin-enriched extracellular matrix. Laminin secretion
by the epithelial cells downstream of B1 integrin-mediated
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Fig. 1 Established roles of radial glial cells during cerebral cortex
development. Radial glial cells (RGCs) comprise a pseudostrati-
fied epithelial layer lining the ventricular wall during cerebral cortex
development. RGCs performs asymmetric neurogenic cell division

activation of Racl on the basal plasma membrane also
plays a critical role in epithelial polarity [4, 5]. On the api-
cal surface, apical constriction mediated by apical actin
cytoskeleton and molecular motor functioning facilitates
tubulogenesis and tissue morphogenesis [6]. The actomyo-
sin meshwork, Rho family GTPase regulators, as well as
Twist and Snail transcription factors are involved in apical
constriction [7, 8]. Much of the information regarding epi-
thelial polarity is derived from studies of invertebrates, and
the basic principles in polarity establishment and molecules
involved are applicable to vertebral, including mammalian,
epithelial cells [9]. An apparent benefit of epithelial polar-
ity in a multicellular organism is to separate the interior
environment from the outside world. Two characteristics
unique to polarized epithelium are evolutionarily conserved
to achieve this goal—polarized trafficking machinery and
junctional complex formation.

Protein complexes involved in polarized trafficking
machinery include the Crumbs—PALSI1-PATJ polarity
protein complex, the cdc42-Par6-aPKC-Par3 polarity mod-
ule, and the Scribble-Lgl-Dlg polarity protein complex.
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to produce postmitotic neurons or neuronally committed interme-
diate progenitor cells. In addition, the membranous protrusions on
the basal polarity provide scaffold and guidance for the postmitotic
migrating neurons

These complexes are evolutionarily conserved across
species from invertebrates to mammals [3, 10-12]. The
Crumbs—PALS1-PATJ complex defines the apical domain,
and the Scribble-Lgl-Dlg complex on the other hand defines
the basolateral domain. The cdc42-Par6-aPKC-Par3 mod-
ule plays a policing role in the trafficking control, making
sure that respective proteins are localized in their domains.
The interactions among polarity proteins are either through
physical binding or through kinase-mediated phosphoryla-
tion. Polarity protein phosphorylation may lead to either
retention of the protein in one polarity compartment or
expulsion of the protein from the compartment. In addition
to protein—protein interactions, phosphoinositide lipids are
also involved early during epithelial polarity establishment
[13-15]. Delicate interplay between polarity proteins and
phospholipids through a polarized trafficking machinery is
essential for the maintenance of the apico-basolateral polar-
ity. A break in any component may disrupt the polarity that
is already established.

Junctional complexes are membrane-bound structures
located in the apico-lateral interface. Two major junction
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types are present in a polarized epithelial cell. Tight junc-
tions (TJs, also called septate junctions in invertebrates)
form a belt-like boundary around the cell at the apico-lat-
eral boundary to block free movement of membrane-bound
polarity proteins and lipids into the other domain, and also
segregate the internal paracellular medium from the external
environment. Adherens junctions (AJs), on the other hand,
utilize calcium-dependent adhesion molecules (cadherins)
to form a continuous adhesive belt. Junctional complex
formation is initiated by actin aggregation and protrusions
on the plasma membrane, followed by addition of adhesion
proteins, including cadherins, catenins, and the TJ adaptor
protein zonula occludins (ZO)-1. As the junctional com-
plexes continue to mature, ZO-1 migrates away (apically in
vertebrates, and basally in invertebrates) from the immature
AJ and integrates with TJ proteins occludins and claudins to
facilitate the assembly of mature TJs [16, 17].

In this review, we aim to discuss recent progress in the
understanding of how apico-basolateral polarity affects RGC
cellular functions during cerebral cortex development. Of
note, a recently published review detailing the biochemical
network in polarity establishment in neural stem cells and
postmitotic neurons during cerebral cortex development may
complement this article for interested readers [18]. Addi-
tionally, although it is now well established that RGCs are
further subclassified into apical (or ventricular) RGCs and
basal (or outer) RGCs depending on their respective locali-
zation and the presence or absence of apical endfeet on the
ventricular surface in the developing cortex, our discussion,
if not otherwise specified, will primarily focus on using api-
cal RGC:s as a stereotypical model, as these cells are the first
cell type that is established upon a switch from NEC prolif-
eration to neurogenesis, are present in abundant amount in
cortices with or without gyrification (bRGCs forma promi-
nent layer in species with cortical gyrification), and are the
bona fide tissue-specific multipotent stem cells that give rise
to other types of progenitor cells, including basal RGCs,
neuronal and glial progenitors. A detailed discussion about
the roles of the apical RGCs and their progenies during
neurogenesis and corticogenesis is beyond the scope of this
review. This topic is recently reviewed elsewhere [2, 19].

The apical polarity of the radial glial cells

As mentioned above, an intracellular polarized trafficking
machinery is required for vectorial transportation of intra-
cellular signals in order to facilitate compartmentalization
of epithelial cells. The Crumbs-containing protein complex
and the junctional complex are key determinants of the api-
cal domain. Their roles in RGC polarity establishment have
been studied extensively, and will be discussed here. In addi-
tion, two downstream activities of RGC polarity that take

place on the ventricular surface—primary cilium formation
and spindle orientation regulation—will also be discussed.

Apical polarity-defining proteins
Crumbs—PALS 1-PATJ protein complex

The Crumbs—PALS1-PAT]J polarity protein complex is api-
cally localized in the epithelial cells and plays a key role in
establishing and maintaining the apical polarity. Crumbs is
a transmembranous protein, whereas PALS1 and PATJ are
juxtamembranous and intracellular (Fig. 2). Crumbs proteins
are highly conserved from invertebrates to mammals. Three
homologs have been discovered in mammals: CRB1, CRB2,
and CRB3. All three homologs have nonredundant roles
in mice, as genetic ablation of any of the genes separately
leads to a different set of phenotypes. Specifically, CRB1
knockout in mice leads to progressive defect in retinal AJs,
and mutations in the CRB1 gene are associated with human
retinal disease [20-22]. CRB2 knockout in mice results in
gastrulation and brain developmental defects causing embry-
onic death at E12.5 [23]. Depletion of CRB3, a homolog
with a short extracellular domain, in mice resulted in mul-
tiorgan developmental abnormalities, including the lungs,
the kidneys, and the intestine. These mice die shortly after
birth [24]. The Crumbs family proteins have been impli-
cated in central nervous system development in zebrafish
[25]. In mammals, it has been shown that CRB1 and CRB2
are upregulated, and CRB3 is downregulated, upon neural
rosette differentiation from mouse embryonic stem cells in
an in vitro neural differentiation system, and that CRB2 is
localized to the ventricular surface of E12.5 mouse embry-
onic brain [26]. Furthermore, CRB2 knock-down results in
cell death upon neuroectodermal differentiation, but has no
effect on mesodermal or endodermal lineage differentiation.
Mechanistically, CRB2 upregulation upon neural differentia-
tion is also associated with increased phosphorylated aPKC
and cdc4?2 protein levels, suggesting enhanced polarity [26].
Conversely, CRB2 global depletion led to a loss of columnar
arrangement of NECs as well as discontinuous and dorsal
appearance of basal lamina. In addition, there is mixing of
NECs with the mesodermal layers at E9.5, suggesting com-
plete loss of apicobasal polarity [23]. Surprisingly, the local-
ization of other apical proteins such as ZO-1 or ezrin (actin
cytoskeleton membrane anchorage protein, detailed below)
was not affected, and the TJs were also present, indicating
that the formation of junctional complexes and the assem-
bly of cytoskeletal on the apical surface are regulated by a
parallel pathway that does not involve the Crumbs protein
complex. Of note, CRB1 and CRB3 global knockout did not
reveal defects associated with cerebral cortex development,
further emphasizing a non-redundant role of CRB2 in cer-
ebral cortex development.
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Fig. 2 The apicobasal polarity and the subcellular structures of radial glial cells (RGCs) are reminiscent of stereotypical epithelial cells. Car-

toon illustrations of a stereotypical epithelial cell (left) and a RGC (right)

Intracellular binding partners of Crumbs proteins include
the FERM domain-containing Ezrin—Radixin—Moesin
(ERM) family of proteins [25]. Specifically, Crumbs and
Moesin (an ERM family protein) physically interact in
zebrafish retina to form a complex on the apical surface of
the retinal progenitors. Additionally, Moesin and Crumbs
both localize to the apical surface of the NECs. The api-
cal localization of both Moesin and Crumbs relies on the
presence of each other [25]. As the ERM proteins serve as
anchorage between actin cytoskeleton and the plasma mem-
brane, they play a role in bridging the Crumbs complex to
actin cytoskeleton. Moreover, the ERM proteins have also
been found to mediate interaction between Crumbs and the
Notchl receptor to regulate the intensity of Notch signal-
ing [27]. As mentioned above, apical localization of ezrin
is not affected by loss of CRB2 in mouse embryos; how-
ever, Moesin relies on Crumbs for its apical attachment in
zebrafish embryos. The difference may signify a redundant
role of the mammalian CRB homologs when it comes to
ERM protein binding. Interestingly, in human prenatal cer-
ebral cortices, ezrin is abundantly expressed in the germinal
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matrix and in RGCs, although the protein does not seem to
be restricted solely to the apical surface [28].

Apart from Crumbs, the role of PALS1 in RGC polarity
and cerebral cortex development has also been elucidated in
arecent study [29]. Using a conditional knockout approach,
the study showed that loss of PALS1 leads to near-absence
of cerebral cortex. It is associated with premature cell cycle
exit and increased apoptotic cell death throughout the corti-
cal wall. This is accompanied by a loss of AJs as well as
basal misplacement or absence of B-catenin. These find-
ings provide further evidence supporting a link between the
Crumbs—PALS1-PAT]J polarity complex and the AlJs, and
this link is likely mediated by actin cytoskeleton. It is further
postulated that the loss of PALS1 and polarity in RGCs, and
the resultant cell cycle exit may promote a neuronal cell fate,
but these postmitotic cells quickly succumb to apoptosis via
a pathway mediated by GSK3p. One possibility is that the
B-catenin level, which is regulated by GSK3p, is critical for
maintaining survival of the prematurely differentiated neu-
rons. The mTOR pathway may also account for increased
apoptosis [29].
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Cdc42-Par6-aPKC-Par3 polarity module

In the addition to the ERM proteins and The Notch receptor,
the Crumbs protein also interacts with Par6, a key player
in the cdc42-Par6-aPKC-Par3 polarity module. Par6, rather
than being an enzyme by itself, serves as an adaptor protein
which allows multiple polarity proteins to interact upon acti-
vation by cdc42 [3, 10]. For one, Par6 draws aPKC to the
apical domain and keeps aPKC in an active conformation by
displacing its pseudosubstrate domain from binding to the
enzymatic domain [30, 31]. Additionally, Par6 also brings
Par3 and Lgl to the apical surface to be phosphorylated by
aPKC during apical polarity establishment [32, 33].

In RGCs, Par3 was found to co-localize with N-cadherin,
fB-catenin, and ZO-1 at the AJs [34]. The dosage of Par3 in a
dividing RGC may have an impact on the fates of the daugh-
ter cells. A reduction in Par3 levels will shift the dividing
RGC from an asymmetric cell division to a symmetric neu-
rogenic cell division [34]. Interestingly, unequal distribution
of Par3 is observed during RGC asymmetric cell division,
resulting in differential allocation of Par3 into each daughter
cell. Although there has not been direct evidence suggest-
ing a cell fate-determining role of Par3, it is possible that
the Par3-inheriting daughter cell will continue to propagate
via self-renewing asymmetric cell division, while the other
daughter cell without inherited Par3 will switch to generate
two neuronally committed cells at the subsequent round of
cell division.

Similarly, depletion of cdc42 during the active stage of
neurogenesis has been shown to be associated with misplace-
ment of Par3 and aPKC, as well as loss of Als, resulting in
cortical delamination and premature neuronal differentia-
tion [35]. Cdc42 depletion prior to RGC transitioning from
NECs, on the other hand, resulted in a holoprosencephaly
phenotype [36]. These findings further emphasize the crucial
role of the cdc42-Par6-aPKC-Par3 polarity module as well
as polarity establishment in cerebral cortex development.

Adherens junctions and cytoskeleton regulation

The formation of junctional complexes begins with clus-
tering of transmembrane cadherins on the apical surface
followed by addition of interacting proteins as the junction
matures. In vertebrates, the TJs, marked by the presence
of occludins and claudins, move apically during junc-
tional complex formation, while the AJs move basally
[3]. AJs contain transmembranous cadherin molecules.
Whereas the extracellular domains of the cadherins from
the neighboring cells interact with each other to form an
epithelial sheet, the intracellular domains interact with
the catenin molecules (a, , and p120-catenin), which
subsequently interact with actin cytoskeleton and other
signaling molecules [37]. AJs serve as the interacting site

for the neighboring epithelial cells, and more importantly
define the interface between the apical and the basolat-
eral domains. AJs exhibit a significant degree of plasticity
through constant remodeling of the complex to accom-
modate for morphological changes of the tissue during
development and as a result of an adaptive process. AJ
remodeling is achieved by constant internalization of cad-
herins through Numb-mediated endocytosis, followed by
recycling and reappearance of cadherins on the plasma
membrane from the Rab11-positive endosomes [38—41].

Numerous studies have shed lights on an essential role of
AlJs in RGC polarity and functions. Complementary reading
on this topic is available from another recently published
review article [42]. It is worth mentioning that junctional
complexes evolve during the transitioning from NECs to
RGC:s at the beginning of neurogenesis. Whereas NECs con-
tain both TJs and AJs, RGCs only contain AJs [43]. The TJ
protein ZO-1, an adaptor molecule that has been proposed
to connect TJs, AJs, and actin cytoskeleton, is incorporated
into the AJs in RGCs [37]. The significance of the loss of
TJs in RGCs has not been elucidated in the literature. We
speculate that the occluding roles of TJs may prevent the
establishment of a paracellular signal gradient, such as the
Notch signal gradient, required during RGC neurogenesis,
while such paracellular gradient may be unnecessary or even
detrimental to the symmetrically dividing NECs.

The importance of AJs during cerebral cortex develop-
ment has been exemplified by a knockout study of N-cad-
herin (the major cadherin type in the nervous system) show-
ing loss of AJs resulting in cortical delamination [44, 45].
Furthermore, by using an N-cadherin knock-down approach,
researchers have shown that N-cadherin prevents p-catenin
from being degraded prematurely. Moreover, the presence of
N-cadherin increases B-catenin activity in RGCs via the Akt
pathway to keep the cells from premature departure from
the ventricular zone and to prevent premature differentia-
tion [46]. Direct depletion of pB-catenin leads to the same
phenotypic changes [47]. These findings further strengthen a
link between AJs and cell fate, and also identify p-catenin as
the mediator. Interestingly, ectopic expression of stabilized
[B-catenin leads to increased neural progenitor proliferation
and the appearance of gyri in mouse brains, with preserva-
tion of cortical lamination [48]. These findings suggest that
transcription-associated roles of B-catenin may only occur
after it has been saturated on the AJ as a structural protein.

Strikingly, depletion of a-catenin is also associated with
loss of AJ and cortical delamination, presumably due to its
negative effect on AJ integrity and RGC polarity mainte-
nance [49, 50]. On the other hand, a-catenin depletion delays
normal cell cycle exit timing and causes cortical hyperpla-
sia, likely due to disassembly of the catenin complex and
increased availability of f-catenin for nuclear translocation
and transcriptional activity to promote cell proliferation [49].

@ Springer



1032

F.-S. Chou et al.

It has not been systemically studied whether E-cadherin
also has a role in AJ formation and RGC polarity and func-
tions, but evidence has suggested expression of E-cadherin
in the ventricular zone in fetal ferret brains [51]. Whether
the expression of E-cadherin is associated with “cadherin
switch” to facilitate transitioning of newly generated neu-
ronally committed progenitor cells from an apico-basolateral
polarity to a multi-polar or uni-polar morphology merits fur-
ther studies. Interestingly, E-cadherin in the developing fer-
ret brains was found to be downregulated transiently in the
later phase of neurogenesis prior to birth, and this downregu-
lation has been proposed to promote the production of basal
RGCs (bRGCs), which are a type of RGCs that are derived
from apical RGCs and are localized to the subventricular
zone (SVZ), suggesting that E-cadherin may actually have a
significant role in the attachment of the RGC apical endfeet
to the ventricular surface [51].

As mentioned earlier, cadherins are constantly internal-
ized and recycled to maintain plasticity of the AJs. Indeed,
multiple studies have demonstrated the critical roles of
the Numb and the Numb-like (Numbl) endocytic adaptor
proteins in cerebral cortex development [52—-54]. Numb
and Numbl are present both in the AJ protein complex
and in the Rabl1 recycling endosomes, and are required
for the maintenance of AJs and polarity in RGCs via a
cadherin-dependent pathway. As expected, loss of the
endocytic adaptor proteins leads to progenitor dispersion
and a disorganized cortical lamination [54]. As the Arp2/3

Fig. 3 Asymmetric inheritance
of apical cell fate determinants
leads to radial glial cell (RGC)
neurogenic cell division. Three
belt-like domains have been
characterized in the adher-

ens junction complex on the
RGC apical endfeet, with the
cadherin-containing domain
(purple) residing on the basal
side, and the Par3-containing
domain (blue) on the apical
side. The cone-shaped apical
endfeet makes differential
inheritance of each domain
possible depending on spindle
orientation. The apically placed
Par3 domain is more likely to
be segregated only into one
daughter cell, resulting in dif-
ferent cell fates of the daughter
cells. In the illustration, The
green-shaded daughter cell is
the self-renewing RGC and the
yellow-shaded daughter cell
becomes a migrating neuron as
a result of preferential inherit-
ance of Par3 cell fate determi-
nant by the daughter RGC

Apical endfeet

& Migrating neuron

Cell division plan
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actin cytoskeleton branching nucleator and actin cytoskel-
eton are also involved in endocytosis, Arp2/3 depletion
in RGCs has been shown to lead to loss of AJs and the
apical endfeet, resulting in cortical delamination and
premature neuronal differentiation of the RGCs [55, 56].
Consistently, Rapl, a GTPase required for endocytosis,
and its guanine nucleotide exchange factors Rapgef2 and
Rapgef6, have been shown to be essential for apico-basal
polarity establishment in RGCs during cerebral cortex
development. Their depletion also leads to complete loss
of AJs [57, 58].

A recurring theme here is that, the RGCs require AJs to
keep their apico-basal polarity in check and to prevent their
premature differentiation into neurons. How is the AJ’s belt-
like structure involved in cell fate decision? To answer this
question, the structure of the AJ has been further analyzed
using confocal microscopy with three-dimensional recon-
struction, from which three distinct domains have been rec-
ognized [59]. The ZO-1-containing domain is positioned
centrally, the Par3/aPKC module is enriched in the apical
domain, and the structural protein N-cadherin is located in
the basal domain. The cone-shaped apical endfeet makes
it possible to have the entire apically placed Par3/aPKC
domain segregated into one daughter cell during asymmet-
ric division while splitting the other two domains into both
daughter cells depending on the spindle orientation (Fig. 3).
Such setup puts Par3 and aPKC in the category of cell fate
determinants in addition to being polarity proteins.

() cadherin
] z01
) par3
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The role of primary cilium in RGC polarity
and cerebral cortex development

In vertebrates, an ultramicroscopic structure called primary
cilium is formed on the apical surface of a non-dividing
epithelial cell [3]. Primary cilium consists of a 9 4+ 0 axone-
mal microtubule doublet structure as a continuum from the
mother centriole of the centrosome, which docks on the api-
cal membrane following cell cycle exit. Primary cilium is
initially formed as a result of fusion of the mother centriole
with a Golgi-derived vesicle. The growing cilium further
fuses with additional vesicles while migrating to the cell
surface and is eventually exposed on the apical plasma mem-
brane into the extracellular medium [60]. A mature primary
cilium contains an intraflagellar transport system for trans-
porting proteins in and out of the ciliary body. Although
primary cilium does not contain motor units like a motile
cilium does, it bends passively in response to environmen-
tal fluid flow or by mechanical force. The bending triggers
calcium influx and signal transduction. The sonic hedgehog
(Shh) signaling pathway, which is required for epithelial dif-
ferentiation, is dependent on the presence of primary cilium
on the apical surface. Shh signaling is regulated by the regu-
latory GTPase Arl13b that is also localized in the primary
cilium [61, 62]. Primary cilium can be viewed as a sensory
organelle of the epithelial cell. Over the past decade, vig-
orous research has been undertaken to delineate the exact
function of primary cilium in epithelium. It is now widely
accepted that primary cilium is involved in the development
of various tissue types [63—67]. Additionally, the critical role
of this apical organelle has also been implicated by its link
to numerous clinical disorders, including polycystic liver
and kidney diseases, situs inversus, Bardet—Biedl syndrome,
Meckel syndrome, and Type C Niemann-Pick Disease,
among others [68-72].

Similar to stereotypical epithelial cells, the apical sur-
face of a polarized RGC serves as the docking site for the
mother centriole following mitosis. In vertebrates, the api-
cally located mother centriole becomes the basal body,
from which the primary cilium grows into the fluid-filled
cerebral ventricles. Although in continuum with the cyto-
plasm, substance transport in and out of primary cilium is
restricted, making it a distinct organelle [60]. Indeed, pri-
mary cilium communicates with the “external” environment
of the cerebrospinal fluid (CSF), where proliferation-pro-
moting signaling molecules, such as Igf2, have been identi-
fied [73]. Different from the traditional view that primary
cilium is disassembled prior to mitosis, it has been shown
that primary cilium is internalized upon entry into the
metaphase of the mitotic cycle, but the ciliary membrane
persists throughout the mitotic cycle, in early embryonic
murine brains (E12.5) [74, 75]. The percentage of divid-
ing cells with persistent ciliary membrane decreases as the

embryonic brain develops. The daughter cell that inherits
the mother centriole with ciliary membrane from the mother
RGC quickly docks the mother centriole onto the apical sur-
face to reassemble the primary cilium. This daughter cell
usually is the same cell that inherits the basal process from
the mother RGC and is also the very cell that retains the
RGC characteristics. On the other hand, the daughter cell
that fails to inherit primary cilium will assemble from the
centriole and the Golgi-derived vesicles. The docking site
of the newly formed centriole on either the apical or the
basolateral surface may depend on the type of cell division
(symmetric vs asymmetric, self-renewing vs differentiating)
that the mother RGC undergoes [74]. The signaling pathway
that regulates the docking orientation of the newly formed
centriole and the primary cilium remains to be elucidated.
Primary cilium exists only in vertebral epithelial cells,
and has been found to be required for Sonic hedgehog (Shh)
signaling. Most components of the Shh pathway, includ-
ing the receptor (Patchedl) and the transducer (Smooth-
ened), are located in primary cilium [76, 77]. Moreover,
the downstream effector (the Gli proteins) and the negative
regulator of Shh signaling, Suppressor of fused (SuFu),
are transported in and out of primary cilium in response
to Shh signaling activation [78]. Although it has not been
reported specifically whether Shh signaling plays a role in
RGC morphogenesis and polarity establishment, the pattern-
ing nature of the Shh signaling pathway has been shown to
play an essential role in neural tube formation and forebrain
development [79]. In an in vitro mouse fibroblast model,
the Shh signaling pathway has been shown to be regulated
by Arl13b, a regulatory GTPase that is found in the primary
cilium [62]. In the developing brain, Arl13b is located at the
apical surface in the NECs and the RGCs where the primary
cilium is expected to be present [80]. Strikingly, using an
Arl13b-null mouse model induced by ENU with defective
cilial architecture and Shh signaling, a study showed that the
orientation of cortical lamination was completely reversed,
with RGCs aberrantly lining the pial surface, and the differ-
entiated neuronal cells found close to the ventricular surface.
The reversal of cell type distribution apparently results from
misorientation of the basal process scaffold. Consistently,
apically localized proteins such as N-cadherin, B-catenin,
and Numb were disrupted, although the extracellular matrix
glycoprotein Reelin that is normally present in the marginal
zone on the pial surface continued to be found on the pial
surface in the mutant mouse embryonic brains. Interestingly,
the ability of the RGCs to generate postmitotic neurons is
also not compromised in the absence of Arl13b and an intact
primary cilium. It was further shown that Arl13b was only
required during RGC production from NECs; once the RGC
is produced and the polarity as well as the basal process scaf-
fold is established, loss of Arl13b has no impact on cerebral
cortex development. Given that the basal process is retracted
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during symmetric NEC division but not during asymmetric
RGC division (see below for detail), it is possible that the
orientation for basal process reestablishment requires the
presence of primary cilium on the opposite (apical) direc-
tion. Once neurogenesis has begun, RGC basal process tends
to persist through the cell cycle, making primary cilium
dispensable.

Of note, apart from serving as a signaling entry site for
the Shh signaling pathway, primary cilium has also been
shown to play a role in Notch signaling and the commitment
of progenitors to differentiate during skin development. By
contrast, Shh signaling defect occurs later in ciliary mutants,
and only plays a role in hair follicle morphogenesis in the
skin [81]. Whether distinct spatiotemporal functions of pri-
mary cilium are present in RGC and cerebral cortical devel-
opment remains to be investigated.

Asymmetric cell division in polarized RGCs

Polarized epithelial cells divide asymmetrically to produce
daughter cells that assume different cell fates as a result of
unequal distribution of polarity proteins and cell fate deter-
minants followed by placement of the mitotic spindle under
tight regulations. Generally speaking, spindle orientation
that is parallel to the apical membrane (planar spindle ori-
entation and vertical division) results in symmetric division
with both daughter cells inheriting equal share of the apical
membrane. Conversely, spindle orientation that is perpen-
dicular to the apical membrane (vertical spindle orientation
and planar division) leads to preferential inheritance of the
apical membrane, the apical polarity proteins, and AJs by
the apical daughter cell, as well as preferential inheritance
of the basolateral domain and basement membrane (BM)
by the basal daughter cell, resulting in asymmetric division
and a split in the fates of the daughter cells. If the spindle
orientation is oblique, both daughter cells inherit unequal
share of the apical membrane and the polarity domains. The
cell fate of the daughter cells may be difficult to predict, and
likely depends on the positioning and segregation of cell
fate determinants.

The Pins/Mud/Gai (or LGN/NuMA/Gai in mammals)
core ternary complex has been identified as a key player
in spindle orientation for its ability to anchor between the
plasma membrane, the spindle motor units, and the micro-
tubules [82, 83]. Furthermore, Inscuteable/mINSC links
Pins/LGN to the Par6/aPKC/Par3 polarity complex. Phos-
phorylation of Pins/LGN by apically placed aPKC leads to
its removal from the apical surface, favoring planar spindle
orientation and vertical cell division to allow the retention
of apico-basal polarity in both daughter cells [82, 84]. Fur-
thermore, LGN has recently been shown to interact with
lateral polarity protein DIg upon dissociation of Lgl from
DIg following Aurora A-mediated phosphorylation [85]. Of
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note, the relationship between spindle orientation, asymmet-
ric vs symmetric cell division, and cell fate decision is not
as straightforward as once thought, as it is now known that
junctional complexes, basal lamina, primary cilium, as well
as additional external cues all play a critical role in guid-
ing cell fate decision. Multiple reviews on the cell biology
perspective of this topic are available for interested readers
[83, 86, 87].

Following asymmetric cell division, one of the daughter
cells may lose epithelial attachment and assume a polarized
yet motile mesenchymal cell type, a process called epithe-
lial-mesenchymal transition (EMT) [3, 88]. EMT occurs
during organogenesis and in cancer metastasis. Upon EMT
initiation, a phenomenon called “cadherin switch” has been
observed, in which E-cadherin is downregulated and N-cad-
herin is upregulated [89]. Cadherin switch leads to weaker
binding between the extracellular domains of the cadherins
and results in loosening of AJs between the neighboring
cells. In addition, junctional complex proteins are downregu-
lated, leading to detachment of the cell from the epithelial
sheet. Moreover, the expression of Crumbs, the aforemen-
tioned scaffold protein in the Crumbs-PALS1-PATJ com-
plex that defines the apical polarity, is also repressed. Twist
and Snail transcription factor families are well-established
molecular switches for EMT. Additional transcription fac-
tors, such as the Forkhead box and the zinc-finger E-box-
binding (ZEB) transcription factors are also involved in the
process. It has also been shown that the transforming growth
factor-beta (TGFp) signaling pathway plays an essential role
in instructing the onset of EMT. Additional pathways, such
as Shh, Wnt/p-catenin, Notch, integrin-mediated pathways,
as well as inflammation and hypoxia all contribute to EMT,
at least in the context of cancer metastasis. Importantly,
the Rho GTPase actin cytoskeleton regulators promote
actin cytoskeleton rearrangement during EMT. Along with
redistribution of polarity proteins, the cells are able to re-
establish a front-rear polarity axis to facilitate directional
migration.

In this section, we will discuss current understanding of
the roles of spindle orientation regulation and EMT during
cerebral cortex development.

Regulation of spindle orientation in neurogenic RGCs

One major feature of the emerging apical RGCs during neu-
rogenesis is to perform asymmetric cell division to produce
a self-renewing RGC and a neuronally committed progeni-
tor or postmitotic cell [90, 91]. In a stereotypical epithe-
lial cell, symmetric cell division is associated with vertical
orientation of the mitotic spindle, whereas asymmetric cell
division is associated with oblique or planar orientation of
the spindle. Intriguingly, most studies have now agreed that
RGC neurogenic asymmetric division is vertical (or close to
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vertical) [2, 91-95]. Mitotic spindle orientation is dynamic
prior to RGC cell division [2, 96]. Mitotic spindle misori-
entation has been observed in various disorders of cerebral
cortex development, including mutations of the Lis1 gene
that is associated with lissencephaly and subcortical band
heterotopia [86, 97]. A recent study using a genetic knockout
approach to deplete the LGN/NuMA/Gai spindle orientation
complex revealed loss of planar mitotic spindle orientation
during RGC neurogenesis, resulting in equal distribution of
spindle orientation from planar to vertical orientation [93].
As aresult of an increase in a vertical spindle orientation, an
increase in the frequency of Pax6-positive RGCs outside the
ventricular zone due to loss of apical contact was observed,
suggesting inheritance of RGC characteristics in the basal
daughter cells. Strikingly, loss of apical placement did not
change cell fate distribution in the progeny cells. On the
other hand, the apical daughter cell on the ventricular sur-
face that failed to inherit the basal process quickly became
postmitotic, reminiscent of epidermal differentiation where
more differentiated postmitotic cells are located apically to
the stem and progenitor cells. These findings raised a ques-
tion of whether basal process inheritance downstream of
spindle orientation placement upon cell division, instead of
apical endfoot inheritance, is key to the retention of pro-
genitor characteristics in the daughter cell (please refer to
the section entitled “Basal process inheritance in RGC cell
division” below). Alternatively, it may also be possible that
spindle orientation is upstream of cell fate determinant dis-
tribution during mitosis, and is uncoupled from distribu-
tion of non-cell-fate-determinant polarity proteins, which
to some extent was implicated in the study, as their find-
ings showed no impact on the daughter cell fate distribution
following a shift in the distribution of spindle orientation.
This concept is similar to the distinction between cell fate
determinants and non-cell fate determinants among polar-
ity proteins in the AJs, and may actually be interconnected
[59]. It remains to be determined whether loss of the spindle
orientation complex leads to cortical delamination as a result
of misplaced progenitor cells and postmitotic neurons.
RGCs in the embryonic lateral ganglionic eminence
(LGE) initially undergo self-renewing asymmetric cell
division during embryonic brain development. At the end
of neurogenesis, these RGCs transform into adult-type
neural stem cells (aNSC) and reside in the SVZ. A recent
report using dominant-negative LGN and spindle orienta-
tion regulator INSC showed that spindle orientation and
the cell division plane in the LGE are a major determi-
nant of the embryonic progenitor pool size, as well as the
frequency of aNSC later on in adult mice. Specifically,
disruption of the spindle complex resulted in an increased
frequency of symmetric neurogenic cell division, resulting
in premature exhaustion of the self-renewing RGCs and
a decrease in the aNSC pool size. Interestingly, spindle

complex manipulation at a postnatal age did not result in
the same phenotype, suggesting a developmentally critical
window for the regulation of aNSC frequency by spindle
orientation [98].

RGC neurogenesis as an EMT process

In RGC asymmetric cell division, one of the daughter
cells becomes either a neuronally committed postmitotic
cell or an intermediate progenitor cell (IPC). In either
case, these daughter cells quickly lose their apico-basal
polarity. A front—rear polarity is subsequently established
through redistribution of polarity proteins and rearrange-
ment of actin cytoskeleton to prepare for radial migration
from their original apical location towards the cortical
plate, a process that is reminiscent of EMT [3, 88, 91].
As mentioned above, multiple transcription factors have
been shown to be involved in the activation of the EMT
program, including the Snail family of transcription fac-
tors [88]. Interestingly, it has recently been shown that
Scratch 1 and 2, members of the Snail superfamily, are
required for apical detachment and initiation of radial
migration of the neuronally committed cells following
neurogenesis, suggesting that an EMT-like program is
involved in transforming a polarized epithelial RGC into
a migratory neuron [99]. Activation of the EMT program
is largely regulated by TGFf signaling in development and
in cancer metastasis. In the developing cerebral cortex,
although both chemical-induced activation and inhibition
of TGF signaling are associated with increased presence
of neurons throughout the cortex (in addition to promoting
astrocytic differentiation of the RGC), the roles of TGFf
signaling in the transitioning of the postmitotic neurons
into a migratory phenotype following RGC asymmetric
division have not been investigated specifically [100].
Future studies should focus on understanding the connec-
tion between cell fate determinants and the activation of
the EMT-like program in the migrating neurons, as well
as how the EMT-like program is involved in the crosstalk
between the migrating neurons and the radial glia scaffold
to determine their final location in the cortical plate.

The basolateral polarity of the radial glial cells

Unlike epithelial tissues in other organ systems, the basolat-
eral domain of the RGC epithelium assumes an elongated
structure composed of a basal process shaft and a growth
cone-like structure at the most basal location of the process
(Fig. 1). The roles of these subcellular structures and the
extracellular matrix in the immediate vicinity during cer-
ebral cortex development will be discussed here.
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Basolateral polarity-defining proteins
Scribble—Lgl-Dgl protein complex

The Scribble-Lgl-Dgl protein complex is located basolater-
ally in a polarized epithelial cell and defines the basolateral
domain. Two Lgl homologs have been identified in mice,
Lgll and Llgl2, with Llgll being the predominant form
in the brain [101]. Llgll global knockout leads to neona-
tal death within 24 h after birth, and visible hemorrhage in
the cerebral ventricles are readily identifiable in the E12.5
embryos [101]. Further investigation found ectopic Nestin-
positive rosette formation as well as cortical delamination
and neural progenitor expansion, suggesting a loss of apico-
basolateral polarity in the RGCs and ectopic localization.
Moreover, electron microscopy showed disruptions of the
AJ complex in the ventricular zone of the striatum area,
which the authors further speculated to be responsible for
Numb misplacement and increased Notch signaling activity
as well as a change in RGC cell fate favoring self-renewing
symmetric cell division [34, 101]. To more closely study
the contribution of LIgll in Nestin-expressing RGC polarity
establishment and the observed phenotypes, a recent study
conditionally knocked out LIgl1 in Nestin-expressing cells.
In addition to the above-mentioned phenotype, periventricu-
lar heterotopia was also observed, with gray matters flanking
the white matter in the cortex instead of dorsal to the white
matter as seen in the wildtype brain. The misplacement of
the gray matter is thought to be due to a disruption of apico-
basolateral polarity in the RGCs as a result of Ligll loss
[102]. It was also found that Ligl1 as a basolateral polarity
protein plays a critical role in maintaining AJ integrity by
keeping N-Cadherin in a polarized distribution in the apical
domain. This is achieved by direct sequestering of N-Cad-
herin by Llgl1. This sequestering interaction is restricted to
the basolateral domain. In a sense, the Scripple-Lgl-Dgl
protein complex serves as a negative regulator to prevent
basolateral invasion of the apical domain. Without well-
established polarity, the basal processes of the RGCs cannot
properly guide neuronal migration, and cerebral heterotopia
ensues.

Other than Llgl1, opportunities continue to exist for stud-
ies regarding the roles of the other proteins of the basolateral
domain-defining Scribble-Lgl-Dgl protein complex in RGC
polarity and functions as well as in the context of mamma-
lian cortex development.

Basal processes
Role of actin cytoskeleton in the growth cone-like structure

Whereas the cell bodies of the NECs and the RGCs reside
in close proximity to the apical surface facing the CSF,

@ Springer

the basal polarity contains an elongated radial process that
spans the entire thickness of the growing cortex. The basal
process is reminiscent of the axon of a maturing neuron.
The shaft is filled with intermediate filaments Nestin and
microtubules; towards the tip, a growth cone-like structure
with dense actin cytoskeleton and lamellipodia formation
has been described [55, 103]. Using Dil fluorescent lipo-
philic dye, earlier observations suggest that the tip of the
basal process is stably attached to the pial surface. As the
cortex thickens, the process stretches and a biophysical
tension is developed [104]. On the other hand, a more
recent study combined in utero electroporation for VZ cell
labeling and time-lapse imaging techniques and demon-
strated that RGC basal processes are highly dynamic struc-
tures, with the protruding membranes constantly interact-
ing with one another and with the microenvironment on
the pial surface [103]. It is possible that different cell labe-
ling approaches identified different RGC subpopulations.
Interestingly, a recent study using human fetal brain slices
demonstrated that the RGC basal process length is sig-
nificantly longer than the NEC basal process length in the
same tissue, and is longer than the cortical thickness with
an oblique orientation in the marginal zone [95]. These
findings would also suggest that the length of the basal
processes is not passively determined by the cortical span.
The RGC basal process is a unique subcellular structure
with a unique function not present in other types of epi-
thelial cells. The process is required for interactions with
the pial surface and the postmitotic neurons to maintain
the proper functions of the RGCs and to ensure cortical
lamination [105—-107]. Whether the extension of the basal
process is under tension as a result of the increasing corti-
cal thickness or an active process that precedes deposition
of neuronal cells, or both, remains to be further delineated.

Recent work showed that the Arp2/3 actin cytoskel-
eton actin branching complex and its regulator Cdc42
are present abundantly in the growth cone-like structure
on the basal endfeet [55, 56, 103]. Depletion of cdc42 or
Apr2/3 in the RGC leads to shorter basal processes and
defective scaffolding to guide neuronal migration [55,
56, 103]. Interestingly, depletion of an Arp2/3 subunit is
associated with loss of the growth cone-like structure, as
well as rapid and uncontrolled extension/retraction of the
basal processes, suggesting that actin cytoskeleton mesh-
work plays a critical role in stabilizing the intermediate
filament-filled cytoskeleton in the shaft and preventing any
uncontrolled growth and sudden collapse [55]. It merits
further studies to determine the molecular mechanism by
which actin cytoskeleton contributes to the steady growth
of the intermediate filament-filled process shafts.
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Basal process inheritance in RGC cell division

Whereas the apical endfeet and the AJs are inherited by the
daughter cells regardless of their cell fates, it is debatable
how the basal process is inherited [78, 107]. All three sce-
narios, namely equal inheritance by splitting, inheritance
by the self-renewing progenitor, and inheritance by the
neuronally committed cell, have all been reported [92, 105,
111, 112]. The more prevalent view is that, the basal process
is inherited by the self-renewing progenitors [81, 92]. The
retention of the basal processes may actually be critical for
keeping the RGC daughter cells in a progenitor state. This
is supported by an observation made in a genetic model that
was used to manipulate spindle complex orientation show-
ing that basal process-retaining RGCs relocated to the SVZ
following loss of their apical endfeet (as a result of spindle
orientation and cell division plane change) after cell division
continued to remain in a progenitor state and are capable of
undergoing subsequent rounds of self-renewing asymmet-
ric cell division [93]. It is possible that the basal process,
through its unique morphology and its interactions with the
environment, is required for the establishment and the re-
establishment of signals required for RGC self-renewal (e.g.,
Notch signaling) regardless of where these cells reside [58,
108, 113] Interestingly, one recurring observation in the lit-
erature is that, during transition from the G2 to the M phase,
there is apparent downward flow of plasma membrane and
varicosities in the basal process with gradual thinning of the
shaft until the cells enter the telophase [95, 108]. It would
be interesting to investigate whether centripetal delivery
of basally located cell fate determinants accounts for these
observations.

Roles of the basal process shafts in RGC functions

In addition to intermediate filaments, microtubules have also
been shown to fill the basal process shafts. The plus end
growth of the microtubules is regulated by adenomatous
polyposis coli (APC), which is localized to the growth cone-
like structure of the basal process. Genetic depletion of APC
in RGCs resulted in failure of basal process extension and a
defect in cortical lamination [109]. Given the involvement
of APC in the Wnt/B-catenin pathway, it is possible that
basal process extension is regulated by p-catenin levels and
the AJs. Alternatively, regulation of basal process formation
may also have implications in cell fate decision as seen in
the regulation of AJ formation.

Intriguingly, basal process abnormalities are associated
with reduced proliferative potential of the VZ cells in the
above-mentioned APC depletion model, suggesting that,
in addition to its scaffolding function, basal processes may
indeed contribute to promoting RGC self-renewal to further
expand its pool size during cerebral cortex development

[109]. Similarly, a recent report showed that, in a polarized
RGC, the cyclin D2 mRNA was transported in the basal pro-
cess towards the basal endfeet, where translation occurred.
The transport signal has been identified in the 3' UTR of
the cyclin D2 mRNA [110]. Localization of cyclin D2 and
asymmetric inheritance of the basal process (see below) may
explain how the integrity of the basal processes impacts on
RGC cell division and cell fate determination. A recent pub-
lication conducted an even more detailed analysis and identi-
fied a local transcriptome in the RGC basal endfeet that is
highly regulated, with gene products highly implicated in
autism and neurogenesis [111]. These findings shed lights
on the roles of the basal processes not only in providing
scaffolds for neuronal migration but also in the regulation
of RGC cell fate determination.

The basal processes of the RGCs play a third role dur-
ing cerebral cortex development. As mentioned above,
the RGCs are organized into a pseudostratified epithelial
structure, in which the nuclei move along the basal process
during cell cycle progression, a process called interkinetic
nuclear migration (IKNM). Specifically, the nuclei of the
RGCs migrate away from the CSF-filled ventricle following
mitotic cell division, and then travel back towards the ven-
tricular surface just prior to the next round of cell division.
Many speculations have been made to understand the ben-
efit for the neural progenitors to adapt to a pseudostratified
structure with IKNM. Although extensive discussion about
this topic is beyond the scope of this review, it is prudent to
point out that, this migratory process is propelled by acto-
myosin and microtubule motor proteins in the basal process,
and that the basal process-inherited daughter RGCs are able
to have their nuclei migrate outwards more quickly to avoid
crowdedness in the VZ and to provide room for the process-
non-inherited daughter cells to transition into an IPC or a
postmitotic neuron. Interested readers may refer to recently
published review articles on this topic [112, 113].

Taken together, the RGC basal processes are essential
for both of their fundamental functions—proliferation and
scaffolding.

Basement membrane and extracellular matrix contact

External to the tip of the basal process lies a thin layer of
extracellular matrix that is composed of members of the
laminin family proteins and other glycoproteins secreted by
the epithelial RGCs to form the BM. In a stereotypical epi-
thelial cell, B1-integrin on the basal plasma membrane pro-
vides an inside—out signal to promote laminin secretion [3].
In the developing brain, earlier studies showed that targeted
deletion of either B1 or a6 integrin abolishes laminin deposi-
tion in the extracellular matrix and attachment of RGC basal
endfeet to the BM, causing features of migrational defect
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of the postmitotic neurons, including cortical dysplasia and
cortical ectopia [114-116].

Similarly, genetic depletion of focal adhesion kinase
(FAK) in the dorsal forebrain RGCs by Emx1-driven Cre
recombinase causes disruption of the cortical basement
membrane and a disorganized cortical lamination. This is
associated with RGC basal process retraction and disorgani-
zation, as well as areas of ectopic neurons [116]. As FAK
is a non-receptor tyrosine kinase which is activated follow-
ing integrin activation and binding to extracellular matrix,
these findings suggest that the interaction between the basal
processes and the basal microenvironment may play a role in
maintaining the scaffolding shafts of the RGCs and is critical
for neuronal migration and cortical lamination.

Earlier studies also showed that the BM is essential for
the RGC scaffolding function by instructing migration of
postmitotic neurons during cortical lamination, but is dis-
pensable for the RGC proliferative function. Loss of the pial
surface is associated with dysregulation of neuronal migra-
tion, resulting in cortical ectopia [116—119]. A biophysical
phenomenon may account for the phenotype [104]. On the
other hand, biochemical interactions between RGC basal
processes and the BM microenvironment may also be crucial
for the precise neuronal positioning [120-124].

Conclusion

RGC:s as specialized epithelium exhibit multiple character-
istics of polarized epithelial cells. The subcellular structures
that are critical for apico-basal polarity are also instructive
of their functions as neural stem cells. Much attention has
been paid towards understanding the structure and functions
of the apical endfeet. The roles of the basal process, on the
other hand, are now beginning to be elucidated. An area for
future research may include further exploring the biological
significance of the basal processes in apico-basal polarity,
cell fate decision, and neuronal migration. Moreover, while
forced disruption of the apico-basal polarity by depleting
essential components of the polarity program has repeat-
edly proven the critical roles of structure-based functions
in RGC, it remains largely unknown how the microenvi-
ronment instructs such polarity program spatiotemporally,
and how an impending loss of polarity can be rescued by
RGC-environmental interactions. As clinical migrational
defects have huge implications in neurodevelopmental out-
come and prognosis, it is prudent to further elucidate the
critical molecular pathways that are involved in RGC biol-
ogy during cerebral cortex development.
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